Introduction
Programmed cell death (PCD) is an important process in neuronal development. As many as 50% of neurons die during development (Oppenheim, 1991) . PCD is strictly regulated by physiological and environmental signals: neurons cannot survive without appropriate neuronal activities (Brenneman and Eiden, 1986; Lipton, 1986) or in the absence of neurotrophic factors provided by target tissues (Barde, 1989; Oppenheim, 1991) . PCD is also believed to be involved in neuronal cell death that occurs in neurodegenerative diseases (White, 1996) and in ischemia (Choi and Rothman, 1990) .
Neuron survival in the peripheral nervous system is mainly promoted by the activation of a pathway whose participants include the guanosine triphosphate (GTP)-binding protein Ras and a series of protein kinases that include the mitogen-activated protein kinase (MAPK) (Borasio et al., 1989; Xia et al., 1995) . In contrast, survival-related signaling pathways in the CNS are not fully characterized. In cerebellar granule cells, the serine-threonine protein kinase Akt, which is activated by a phosphoinositide 3-kinase (PI3K) pathway, plays an important role in neuronal survival mediated by neurotrophic factors (Dudek et al., 1997; Yao and Cooper, 1995) . Other pathways are also thought to be involved in the PCD of neurons in the CNS. For example, when N-methyl-D-aspartate receptors are activated or when certain neuronal cell lines are grown in high concentrations of KCl, a Ca 2+ -calmodulindependent protein kinase kinase (CaM-KK) pathway is activated to promote cell survival (Yano et al., 1998) . Also, a c-Jun N-terminal kinase (JNK) pathway is involved in apoptosis of several types of neurons Xia et al., 1995) , including cerebellar granule cells (Miller and Johnson, 1996; Tanabe et al., 1998; Watson et al., 1998) . Perhaps neurons in the CNS are equipped with several survivalor death-promoting pathways so that these cells can respond to wide variety of environmental changes that occur during development and adulthood. The contribution of these pathways to survival and to PCD and their possible interactions need to be clari®ed.
In the process of cloning neuron-speci®c genes expressed in cerebellar Purkinje cells, we isolated a novel gene encoding a tyrosine kinase-like motif. While we were analysing this gene, it was reported that the gene encodes an apoptosis-associated tyrosine kinase (AATYK) (Gaozza et al., 1997) . Interestingly, expression of the AATYK gene is increased during apoptosis or terminal dierentiation of myeloid precursor cells. However, the greatest levels of AATYK gene expression were found in the brain. Therefore, we hypothesized that AATYK is also involved in the survival or apoptosis of CNS neurons, possibly through its tyrosine kinase activity. In this study, we describe the expression pattern and function of AATYK in the CNS.
Results

cDNA isolation and sequence heterogeneity of AATYK in the brain
In the process of cloning glutamate receptor-related genes expressed in cerebellar Purkinje cells, we isolated a novel gene whose predicted amino acid sequence contained a tyrosine kinase motif. While we were analysing this gene, it was reported that this gene encodes an apoptosis-associated tyrosine kinase (AA-TYK) (Gaozza et al., 1997) . Because the sequence similarity between the AATYK gene and the glutamate receptor genes was limited to the regions in which the PCR primers hybridized, we believe that our isolation of this clone was the result of the low-stringency PCR protocol that we used in the cloning process.
To obtain a full-length AATYK cDNA clone from cells in the CNS, we screened a mouse cerebellar cDNA library. We found three types of AATYK clones with sequence heterogeneity at their 5' and 3' ends, and designated them types I, II, and III ( Figure  1a ). Of the four clones that contained a 5' region, two were type I, and two were type II. Two clones generated by 5'-RACE using two dierent pairs of primers were type I. One of the 10 clones obtained by library screening was type III. Because the open reading frame and a noncoding region that extended 90 bp upstream of the ®rst ATG codon of type I cDNA were identical to those of the original AATYK clone, we classi®ed the original clone isolated by Gaozza et al. (1997) as type I. However, the reported 5' noncoding sequence (15 bp) further upstream of this 90 bp region was dierent from that of the type I cDNA sequence. We believe that this dierence was because of dierences in the strains of mice that were used by Gaozza et al. (1997) and by us, but we cannot rule out the possibility of further heterogeneity. As reported earlier (Gaozza et al., 1997) , the AATYK type I cDNA encodes an N-terminal tyrosine kinase motif, which includes an ATP-binding site. At the C-terminal end, there is a proline-rich domain consisting of 16 ), an ATP-binding motif ( ), and proline-rich (PXXP) motifs are shown. In-frame termination codons (!) and polyadenylation signals (AAA) are also shown. Regions of the type II and type III clones that were not sequenced are indicated by the boxes made of dotted lines. Noncoding regions are represented by ®lled boxes. (b) Partial cDNA sequence and deduced amino acid sequence of type I showing the 5'-noncoding region and the tyrosine kinase domain, which is indicated by a box. In-frame termination codons are underlined, and possible initiation codons are circled. Type II and type III AATYK cDNAs have insertions, as indicated by~and~, respectively, that contain termination codons. The ATP-binding motif is underlined with an un®lled line. The sequence underlined by a ®lled line is presumed to be the catalytic domain of the tyrosine kinase. The bold D in this region indicates the glutamate that was mutated to valine for these studies Oncogene Apoptosis-associated tyrosine kinase in the CNS M Tomomura et al PXXP motifs, which may interact with src homology 3 (SH3) domain ligands (Cohen et al., 1995) (Figure 1a ). In addition, we detected an in-frame termination codon 295 bp upstream of the ®rst ATG codon, a ®nding suggesting that we isolated all of the coding sequences at the 5' end (Figure 1b) .
Because the type II clone had a 376 bp sequence that contained an in-frame termination codon just upstream of the region encoding the tyrosine kinase domain, translation of the type II mRNA probably begins at the second initiation codon. Thus, the type II cDNA encodes a slightly smaller protein that lacks the ATPbinding domain (Figure 1a ). In the type III cDNA clone, a 435 bp insertion was found within the region encoding the tyrosine kinase domain; this inserted sequence consisted of a termination codon and a polyadenylated tail (Figure 1b) . Thus, the type III clone does not encode the proline-rich domain. These ®ndings suggest that the type II and type III clones may encode truncated proteins that are unable to perform the functions of type I AATYK or may encode dominant-negative proteins that regulate the function of type I AATYK.
Expression of AATYK mRNA
By performing RT ± PCR, we obtained cDNA fragments whose sequences corresponded to those of the dierent types of AATYK (Figure 2a) . Results of our Northern blot analysis con®rmed that all three types of AATYK were transcribed in the cerebrum and cerebellum (Figure 2b ). These results rule out the possibility that the type II and type III cDNAs were the result of cloning artifacts.
Of the three types, type I transcripts were most highly expressed (Figure 2b ). Densitometry indicated that the levels of type II and type III mRNA were less than 10% of the type I mRNA levels. Interestingly, all of the detected transcripts were approximately the same size (5 kb). Because the 3' terminus of the type III cDNA clone was approximately 3 kb shorter than those of the other types (Figure 1b) , the type III transcripts may have longer 5' termini. Such a ®nding would indicate further heterogeneity among AATYK transcripts in the brain. In peripheral tissues, smaller transcripts of diering sizes are also found (Gaozza et al., 1997) ; this ®nding suggests that the AATYK gene may encode several protein species.
To evaluate AATYK expression in other tissues, we hybridized Northern blots of total RNA from various tissues with a cDNA probe that represented a sequence common to all three types of clones. As reported previously (Gaozza et al., 1997) , AATYK was predominantly expressed in the brain (Figure 3a) , and only after longer periods of exposure could we detect its expression in peripheral tissues, such as lung and muscle. We also found that high levels of AATYK were expressed in all tested regions of the brain except the olfactory bulbs (Figure 3b ). Interestingly, slightly larger transcripts (approximately 5.5 kb) were observed in all tested regions, but greater amounts of the 5.5 kb transcripts were more clearly seen in RNA isolated from the midbrain and hippocampus; this ®nding again indicates that there are more varieties of AATYK transcripts in addition to the subtypes that we identi®ed. Expression levels increased steadily during postnatal development of the cerebellum (Figure 3c ). We obtained similar results with probes speci®c to each Figure 2 Expression of three types of AATYK mRNA in the brain. (a) Ethidium bromide-stained PCR products in an agarose gel. PCR using type-speci®c primers was performed with total RNA isolated from adult mouse cerebellum. PCR was also performed with total RNA in the absence of reverse transcriptase (RTase) to rule out the possibility of contaminating genomic DNA in the RNA pool. (b) Northern blot analysis. Total RNA from adult mouse cerebellum (lane 1) and cerebrum (lane 2) was hybridized with cDNA probes speci®c to each type of AATYK or with a cDNA probe that represented sequences common to all types. A picture of the ethidium bromide-stained gels (lower panel) was included to show that similar amounts of RNAs were loaded in each well type of AATYK, but we did not detect AATYK transcripts in whole embryos (day 7 through 17; data not shown). Therefore, AATYK may be involved in functions in the mature brain.
We con®rmed the expression of AATYK in the brain by in situ hybridization ( Figure 4 ) using a probe common to all subtypes of AATYK. All regions of the brain expressed similar quantities of the AATYK RNA ( Figure 4a ). When the regions were examined at a higher magni®cation, we found that AATYK was mainly expressed in neuronal layers (Figure 4b, c) . In the hippocampus, AATYK was mainly expressed in pyramidal cells in the CA1, CA2, and CA3 regions and in granule cells in the dentate gyrus ( Figure 4b ). In the cerebellum, AATYK RNA was detected in Purkinje cell layers, granule cell layers, and deep cerebellar nuclei, but not in medullary substances (Figure 4c ). These results, together with the fact that we originally cloned the AATYK cDNA from isolated Purkinje cells, suggest that AATYK is expressed mainly in neurons.
AATYK mRNA expression during apoptosis of cerebellar granule cells AATYK mRNA expression is induced during apoptosis or terminal dierentiation of myeloid precursor cells (Gaozza et al., 1997) . We examined whether its expression is induced in neurons by using a wellcharacterized culture system of cerebellar granule cells.
Withdrawal of survival factors (e.g. insulin) that act through insulin-like growth factor-1 (IGF-1) receptors (Dudek et al., 1997) or switching from membranedepolarizing to normal concentrations of KCl can induce apoptosis and its associated morphological and biochemical features, including nuclear condensation and cleavage of chromatin into oligonucleosomal fragments (D'Mello et al., 1993; Yan et al., 1994) . When the medium containing 25 mM KCl (control medium) was switched to that containing 5 mM KCl (low-KCl medium), cell death was induced in approximately 50% of granule cells within 24 h of the switch (Kurschner and Yuzaki, 1999) . Apoptotic cell death was observed as early as 3 h after switching to low-KCl medium, as determined by TUNEL staining (data not shown) and chromatin cleavage analysis ( Figure 5a ). The basal level of AATYK mRNA, which mainly re¯ects the level in granule cells (i.e., 90 ± 95% of the total cells in this serum-free postnatal culture) (Yuzaki et al., 1996) , was low. However, AATYK mRNA expression was transiently induced as early at 3 h after switching to low-KCl medium and peaked at 6 h ( Figure 5b ), a ®nding suggesting AATYK involvement in apoptosis of granule cells. The low level of induction of AATYK mRNA seen in the control culture ( Figure 5b ) may be the result of cell death induced by the change in medium (Driscoll et al., 1991) . When the medium was not changed, AATYK mRNA levels were constantly low (data not shown). In situ hybridization analysis of AATYK mRNA expression. (a) A sagittal cyrosection of the whole brain of an adult mouse was hybridized with a cRNA antisense probe or a sense probe speci®c for AATYK; the probes represented the region from nucleotides 1564 ± 1841. An adjacent section after Nissl staining is also shown (magni®cation, 2.56). Sagittal sections of the hippocampus (b) and cerebellum (c) were also hybridized with the probe (magni®cation, 406). Abbreviations: ctx, cortex; DG, dentate gyrus; ML, molecular layer; PCL, Purkinje cell layer; DCN, deep cerebellar nuclei Figure 5 Expression of AATYK mRNA during apoptosis of cerebellar granule cells. (a) DNA was isolated from cultured granule cells at each time point after the medium was switched to low-KCl medium (-KCl). Oligonucleosomal DNA fragments were visualized by ethidium bromide staining of the 2% agarose gel. (b) Time course of induction of AATYK mRNA expression during apoptosis. Total RNA was isolated from granule cells at each time point after the medium was switched to low-KCl medium (-KCl) or to control medium that contained high concentrations of KCl. Northern blots of total RNA were hybridized with a cDNA probe representing nucleotides 714 ± 2063; this probe is speci®c for all three types of AATYK. After the bound probe was stripped from the membrane, the membrane was hybridized with a probe speci®c for glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA
Functional characterization of AATYK protein
We examined the function of the putative tyrosine kinase domain of AATYK. When expressed in 293 cells, wild-type AATYK was phosphorylated at its tyrosine residues, as determined by Western blot analysis with antiphosphotyrosine antibodies ( Figure  6a ). Very low levels of AATYK with a point mutation at its putative catalytic site (D206V, Figure 1b) were phosphorylated ( Figure 6a) ; this result suggests that wild-type AATYK was autophosphorylated. Autophosphorylation of AATYK was also con®rmed by incorporation of [ 32 P] in in vitro immune-complex kinase assays (Figure 6a ). The mobility of the mutant protein was greater than that of wild-type AATYK; this dierence may re¯ect the dierences in the phosphorylation of each protein. These results indicate that AATYK has a catalytically active tyrosine kinase domain that performs autophosphorylation.
Next, we examined the levels of endogenous AATYK protein in cerebellar granule cells during apoptosis. Like the basal mRNA levels (Figure 5b ), basal AATYK proteins levels were low (Figure 6b ). However, unlike mRNA levels, protein levels of AATYK did not change signi®cantly after induction of apoptosis. This discrepancy suggests that, in addition to the regulatory mechanisms involved in mRNA expression, additional mechanisms, such as those involved in mRNA stability or protein turnover, regulate the function of AATYK during apoptosis of granule cells. Indeed, we found that the mobility of AATYK was gradually reduced during apoptotic processes ( Figure  6b) ; this reduction in mobility was seen as early as 1 h after the control medium was switched to low-KCl medium (data not shown). This apparent increase in molecular weight was reduced by treatments with tyrosine phosphatase (Figure 6c) . Thus, together with the ®nding that similar mobility shifts were observed with the D206V mutant protein (Figure 6a) , endogenous AATYK may be phosphorylated at tyrosine residues during the apoptotic process. However, no AATYK proteins were detected with antiphosphotyrosine antibodies at any of the time points. Because the mobility shift was only partially reduced by tyrosine phosphatase treatment (Figure 6c ), other posttranslational modi®cation processes may be involved. Cell lysates were prepared from granule cells 3 h after the medium was switched to low-KCl medium (5 mM) or control medium (25 mM). After the lysates were treated with tyrosine phosphatase, Western blots of these lysates were analysed with anti-AATYK antibody. In two lanes, we loaded three times the amount of protein loaded in the other lanes (X3; without phosphatase treatment) to rule out the possibilities of gel artifacts caused by protein overloading and of shifts in mobility caused by the positions of the lanes in which samples were run. The mean center of the AATYK bands before and during apoptosis are indicated by dotted lines
Proapoptotic effects of AATYK
To investigate the role of AATYK in the apoptotic process, we transfected expression vectors encoding wild-type AATYK tagged with a Flag epitope (Flag-AATYK) or a Flag-tagged D206V mutant AATYK (Flag-D206V) into cerebellar granule cells. The medium in which the cells were grown was then switched to low-KCl medium for 12 h to induce apoptosis. Transfected cells were identi®ed by their coexpression of GFP (Figure 7a ). Apoptotic cells were identi®ed by their typical pyknotic nuclei, which were visualized by staining with a DNA-speci®c dye (Figure 7b ). These cells were often accompanied by shrunken cell bodies and fragmented neurites (Figure 7b ), and they also exhibited a positive signal after TUNEL staining (data not shown).
When we calculated the percentage of GFP-expressing cells that were undergoing apoptosis, we found that signi®cantly more transfected cells expressing Flag-AATYK underwent apoptosis than did those expressing Flag-D206V ( Figure 7c) ; this ®nding clearly indicates that the tyrosine kinase activity of Flag-AATYK served as a proapoptotic factor in low-KCl medium. The number of cells expressing Flag-D206V that underwent apoptosis in low-KCl medium was similar to that of cells expressing a control vector (Figure 7c ). It is possible that Flag-D206V did not serve as a dominant-negative form of AATYK and that endogenous AATYK may be responsible for the apoptosis of these cells. Alternatively, if Flag-D206V, as a dominant-negative protein, suppressed the tyrosine kinase activity of endogenous AATYK, pathways unrelated to the tyrosine kinase activity of AATYK may be involved in apoptosis induced by the low-KCl medium. Similarly, increased spontaneous apoptosis in cells expressing Flag-AATYK or Flag-D206V in control KCl medium (Figure 7c ) may be caused by activities of AATYK unrelated to its tyrosine kinase function. It is also possible that exogenously expressed wild-type AATYK and D206V AATYK activated the tyrosine kinase domain of endogenous AATYK through oligomerization. Because of the endogenous AATYK in granule cells and the diculty in assessing the dominant-negative eect of AATYK in cultured neurons, further analysis was not performed.
Discussion
We isolated a cDNA clone that encoded a protein with a tyrosine kinase domain. Of the three types of clones that we isolated, type I was the one that was most highly expressed and had an open reading frame One day after transfection, apoptosis was induced by switching the medium to low-KCl medium. As a control, some cells were maintained in control medium. Twelve hours later, cells expressing GFP (top panels) and cells undergoing apoptosis, as judged by nuclear staining with Hoechst 33258 (middle), were determined. In this representative picture, a cell expressing wild-type AATYK in control medium (left) has an intact nucleus, whereas an AATYKexpressing cell in low-KCl medium has a typical apoptotic nucleus. (c) The percentage of apoptotic cells in GFP-positive cells that coexpress control vector, wild-type AATYK (wt), or mutant AATYK (D206V) was determined after the medium was switched to low-KCl medium or control medium. Values represent the mean+s.e.m. Data are from ®ve experiments. The symbols ** and * denote statistically signi®cant dierences (P50.01 and P50.05, respectively, as determined by Mann ± Whitney's U test) identical to that of the original AATYK cDNA clone, which is the apoptosis-associated gene ®rst identi®ed in myeloid precursor cells (Gaozza et al., 1997) . The highest levels of AATYK mRNA expression occurred in mature neurons in all regions of the brain that were examined, except the olfactory bulbs. This level and pattern of expression suggest that AATYK has an essential role in the general functions of mature neurons of the CNS.
In myeloid precursor cells, AATYK mRNA expression was immediately induced by a stimulus that caused terminal dierentiation and apoptosis of these cells. However, it was dicult to determine whether expression of AATYK was involved in the regulation of myeloid dierentiation or apoptotic processes because these two processes are linked. In neurons, AATYK may also be related to terminal dierentiation because its basal expression occurs only during later stages of adult brain development (Figure 3 ). However, in dierentiated granule cells, expression of AATYK mRNA is also rapidly induced by low-KCl treatment, which inhibits, rather than induces, dierentiation (Damgaard et al., 1996; Gallo et al., 1987) . Therefore, we propose that AATYK is involved in the apoptosis of neurons.
Through its tyrosine kinase activity, AATYK that was overexpressed in cerebellar granule cells was able to promote apoptosis induced by the low-KCl medium. Because overexpression of kinase-inactive AATYK did not interfere with the apoptosis induced by the lowKCl medium, we cannot conclude at this moment that endogenous AATYK works as a proapoptotic factor. However, because proline-rich tyrosine kinase 2 (PYK2), a nonreceptor tyrosine kinase highly expressed in adult brain, has a similar proapoptotic eect in heterologous cells (Xiong and Parsons, 1997) and multiple myeloma cells (Chauhan et al., 1999) , we hypothesize that AATYK serves as a proapoptotic factor in neurons.
In cerebellar granule cells, the PI3K-Akt pathways are important for neuronal survival mediated by neurotrophic factors, such as IGF-1 (Dudek et al., 1997) . Although we included insulin in our low-KCl medium at a dose (10 mg/ml) that activates IGF-1 receptors, apoptosis was still induced under these conditions and was accompanied by increased tyrosine kinase activity of AATYK and by increased expression of AATYK mRNA. This ®nding suggests that other survival or death pathways, at least partly independent of PI3K-Akt pathways, are involved in apoptosis induced by the low-KCl medium. Indeed, in highKCl medium, the PI3K inhibitor LY294002 does not induce apoptosis (Dudek et al., 1997) . AATYK may be involved in pathways that counteract the PI3K-Akt survival pathways.
Apoptosis of cerebellar granule cells induced by the low-KCl medium requires de novo RNA synthesis (Yan et al., 1994) . Paradoxically, mRNA levels of most genes, except for those of c-jun, decrease very rapidly after induction of apoptosis in these cells (Miller and Johnson, 1990) . It is interesting that the time course of the increase in AATYK mRNA expression is similar to that of the increase in c-jun mRNA expression (Miller and Johnson, 1996) ; AATYK mRNA levels transiently increased at 3 h after the switch to low-KCl medium and returned to lower levels at 24 h; however, the levels at 24 h are still greater than those baseline levels (Figure 5b) . Moreover, in these cells, c-Jun phosphorylation occurs in a time course similar to that of AATYK phosphorylation (Tanabe et al., 1997) . The coincidental time course of mRNA expression and phosphorylation may suggest a functional interaction between the AATYK pathways and the JNK pathways in the apoptosis of cerebellar granule cells. It is interesting to note that the proline-rich tyrosine kinase PYK2 also activates JNK pathways in certain cell types in response to stress signaling (Tokiwa et al., 1996; Yu et al., 1996) .
Pathways that link external stimuli to AATYK activity and to apoptosis are unclear. Other nonreceptor tyrosine kinases, such as PYK2 and c-Src, are activated after the elevation of intracellular Ca 2+ concentrations. In contrast, reducing the concentration of KCl, which leads to a decrease in the intracellular Ca 2+ concentration (Bessho et al., 1994) , resulted in increased tyrosine kinase activity of AATYK; this result suggests that unique pathways are involved in activation of AATYK. Like other nonreceptor tyrosine kinases, activated AATYK may phosphorylate substrates that are recruited by its autophosphorylated tyrosine residue or by its C-terminal proline-rich region. Because AATYK has a motif (DLALRN) that is conserved in tyrosine kinases that are not members of the Src family, the targets of AATYK may be the same as or similar to those of the non-Src kinases. It has been reported that neuronal interleukin-16 (NIL-16) serves as an anchoring protein for ion channels in cerebellar granule cells in physiological conditions (Kurschner and Yuzaki, 1999) . During apoptosis induced by low-KCl medium, the C-terminal portion of NIL-16 is cleaved from the rest of the protein and is secreted as IL-16. This product induces c-fos expression, which can be completely blocked by tyrosine kinase inhibitors but not by MAPK inhibitors. Thus, tyrosine kinases such as AATYK may be involved in this induction of c-fos expression.
Low KCl-induced apoptosis and serum deprived apoptosis of cerebellar granule cells have been used as models of naturally occurring death. PCD within a population of granule cells in mice reduces the number of cells by approximately 20 ± 30%; this reduction is important for matching the number of granule cells with the number of Purkinje cells between the third and ®fth weeks of postnatal development (Caddy and Biscoe, 1979; Sidman et al., 1962) . Neurons that do not have access to target-derived trophic factors cannot receive PI3K-Akt survival signals (Dudek et al., 1997; Yao and Cooper, 1995) . Loss of neuronal activities by these neurons may also trigger death pathways in which AATYK is involved. Presumably, this loss of neuronal activities is similar to the eect of a low-KCl stimulus. Late postnatal expression of AATYK mRNA in the cerebellum is compatible with this model. However, its expression occurs too late to play a role in PCD in most regions of the brain; PCD usually occurs among dierentiating neurons during the ®rst postnatal week. Furthermore, PCD has also been shown to occur much earlier in neuronal precursors (Gilmore et al., 2000) . Therefore, except for its involvement in PCD of cerebellar granule cells, AATYK may not be involved in PCD during normal development.
One function of AATYK in adult brain may be related to pathological apoptosis. Neurons are equipped with suicidal pathways that may be important to minimize overall neuronal damage. For example, shortly after the onset of an ischemic insult, apoptotic neurons are detected in the penumbra, a region in which the insult is less severe (CharriautMarlangue et al., 1996; Li et al., 1995) . Apoptosis is also implicated as a pathological process in many neurodegenerative diseases (Yuan and Yankner, 2000) . Unlike apoptosis during normal development, apoptosis caused by the lack of neurotrophic factors is not associated with a pathological process. Thus, AATYK may be involved in such death activation pathways. Alternatively, AATYK may also have other physiological functions unrelated to apoptosis in adult neurons. Future analysis of mice carrying a targeted mutation of the AATYK gene will be helpful in further characterizing the role of endogenous AATYK.
Materials and methods
cDNA cloning and sequence analysis
Purkinje cells were cultured for 3 weeks in vitro (Yuzaki and Mikoshiba, 1992) . At the end of that period, we identi®ed the Purkinje cells by microscopic examination, and we collected the cells into patch pipettes. Total RNA was extracted from approximately 50 Purkinje cells with Tri-Zol (Life Technologies, Rockville, MD, USA; Chomczynski and Sacchi, 1987) , and the cDNA was prepared as described (Yuzaki et al., 1994) . Two degenerate primers for PCR, 5'-TGGA(A,C)-(T,C,G)GG(A,C)(A,C)TG(G,A)TIGGIGA(A,G)(C,G)-3' and 5'-GAA(G,A)GCIGC(C,A,T)A(G,A)(G,A)TTIGC(T,A,C)G-T(G,A)TA-3', were designed on the basis of the amino acid sequences of glutamate receptors. These primers were to complement the nucleotide sequences adjacent to those encoding transmembrane regions I and III, both of which are highly conserved among all ionotropic glutamate receptors. The resulting product (480 ± 490 bp) was expected to contain the region encoding transmembrane domains I through III. PCR was performed with Taq polymerase (AmpliTaq; Perkin-Elmer, Applied Biosystems, Foster City, CA, USA) according to the following schedule: 948C for 1 min, 488C for 1 min, and 728C for 2 min for 30 cycles. The last cycle was followed by a 7 min incubation at 728C. The ampli®ed DNA was subjected to electrophoresis in a 6% polyacrylamide gel; the product of the expected size (approximately 480 bp) was excised from the gel and subcloned into pCR2.1 (Invitrogen, Carlsbad, CA, USA). We randomly chose 190 clones that were ®rst categorized on the basis of their patterns of restriction-enzyme cleavage and were then sequenced. The sequences of 29 clones were unrelated to those encoding glutamate receptors and 24 of these clones had no homology with known genes. Of these 24 clones, three encoded a protein that had a tyrosine kinase-like motif.
A cDNA probe derived from a cloned PCR product was labeled by a random priming method and was used to screen a mouse cerebellar cDNA library constructed in the vector lgt11 (library provided by Dr T Furuichi, Tokyo University, Japan). We also performed 5'-rapid ampli®cation of cDNA ends (5'-RACE; Frohman et al., 1988) with a NotI-(dT) 18 primer (Amersham Pharmacia Biotech, Piscataway, NJ, USA) and a primer 5'-TTGTGTCGATGTAGATGCAA-GACG-3', which corresponded to nucleotides 963 ± 986 of type I AATYK cDNA (Figure 1b ). In addition, 5'-RACE was also performed with a SMART adapter (Clontech, Palo Alto, CA, USA) and a primer 5'-TGCCACTGACGCCC-GAGTGTA-3', which corresponded to nucleotides 674 ± 694 of the type I AATYK cDNA.
Analysis of AATYK mRNA expression
Total RNA was extracted from adult cerebellum, and trace amounts of genomic DNA were removed by digestion with DNAase I (Pan Vera, Madison, WI, USA). The cDNA was prepared by reverse transcription (SuperScript II, Life Technologies, Rockville, MD, USA) with an oligo-dT primer. PCR was performed with TaKaRa Taq polymerase (Pan Vera) according to the following schedule: 948C for 30 s, 608C for 30 s and 688C for 30 s for 36 cycles. The last cycle was followed by a 10 min incubation at 728C. For detection of type I RNA, we used primers 5'-GTGGTAGCC-GTGTCCTTCTCT-3' and 5'-CTTGGCCATGGGTAAG-GAGAC-3', which were designed to generate a type I-speci®c 222 bp region of AATYK cDNA. For detection of type II RNA, we used primers 5'-CTTTGCCTGGATGGA-GACTTG-3' and 5'-ATCCAGACACAGCTTAGCCAC-3', which were designed to generate a type II-speci®c region (210 bp). For detection of type III RNA, we used primers 5'-GCTGCTCGGTCCACCTCTACA-3' and 5'-CCACATCCA-GAGGCACGCTG-3', which were designed to generate a type III-speci®c region (196 bp) . For detection of all three types of RNA, we used primers 5'-CTGCTTACGGCT-GACCTGACA-3' and 5'-CACCCAACTCGAAAAGCT-CCC-3', which were designed to generate a 226 bp region found in all types of AATYK cDNA. In the ampli®cation of type I and type III cDNAs, 10% DMSO was included in the reaction mixtures. After agarose gel electrophoresis, the fragments were detected by staining with ethidium bromide. The nucleotide sequence of each ampli®ed cDNA was con®rmed by bidirectional sequencing. The absence of genomic DNA contamination was con®rmed by performing PCR with an equivalent amount of total RNA but without reverse transcriptase.
Ten micrograms of total RNA prepared from dierent mouse tissues and cultured granule cells were blotted onto nitrocellulose membranes (Schleicher & Schuell, Keene, NH, USA) by capillary transfer. The membranes were hybridized with 32 P-labeled cDNA probes corresponding to sequences speci®c to each type or common region of AATYK. A 310 bp fragment corresponding to nucleotides 287 ± 596 was used to detect only type I AATYK RNA. Type II RNA was detected with a 302 bp fragment corresponding to the 282 nucleotides of type II-speci®c sequence (Figure 1b) and to 20 nucleotides (nucleotides 577 ± 579 in type I) that are found in all three types. A 316 bp fragment representing the sequence unique to type III was used as a type III-speci®c probe (Figure 1b) . To detect all three types simultaneously, a 380 bp fragment (nucleotides 633 ± 1012 of type I cDNA) that contained sequence common to all three types of clones was used. To con®rm the results of hybridization with these probes, we also performed hybridization with type-speci®c probes obtained by RT ± PCR (see preceding section).
In situ hybridization analysis was performed as described (Simmons et al., 1989) with 16 mm thick sagittal cryosections of mouse brains. A 33 P-labeled riboprobe common to all types of AATYK (nucleotides 714 ± 2063 of the type I cDNA probe) was hybridized with the sections at 608C, and the sections were counterstained with 1% cresyl violet (Kurschner and Yuzaki, 1999) .
Overexpression of AATYK
We used PCR to add a sequence encoding the Flag epitope to the 3' end of the AATYK cDNA; this Flag sequence was inserted just upstream of the stop codon. Site-directed mutagenesis was accomplished by modi®ed overlap extension (Ho et al., 1989) using PCR with Pfu DNA polymerase (Stratagene, La Jolla, CA, USA). The nucleotide sequence of the ampli®ed open reading frame was con®rmed by bidrectional sequencing. The cDNAs were cloned into the expression vector pCAGGS (provided by Dr J Miyazaki, Tohoku University, Japan). The gene encoding enhanced green¯uorescent protein (GFP) (Clontech) was also subcloned into this vector. The expression vectors (pCAGGS-AATYK and pCAGGS-GFP; ratio, 3 : 1) were simultaneously transfected into 293 cells (CRL1573; American Type Culture Collection, Manassas, VA, USA) by using LipofectAMINE (Life Technologies). Cerebellar granule cells were transfected with the same plasmids (ratio, 3 : 1) by the calcium phosphate method as described (Xia et al., 1996) . Transfected cells were identi®ed by the¯uorescence of GFP or expression of the Flag-tagged AATYK protein, which was detected by anti-Flag antibody (M2; Sigma, St. Louis, MO, USA) and a secondary anti-mouse antibody to which Alexa 546 was conjugated (Molecular Probes, Eugene, OR, USA) as described (Kurschner and Yuzaki, 1999) .
Protein preparations and analysis
Cell lysates were prepared from transfected 293 cells or from cultured cerebellar granule cells with lysis buer (1% NP-40, 0.1% sodium deoxycholate, 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl¯uoride, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 10 mg/ml pepstatin, 1 mM NaF, and 1 mM Na 3 VO 4 ). Cell lysate proteins or AATYK, which was immunoprecipitated with anti-Flag antibody (1 : 40 dilution; Sigma) from cell lysates as described (Kurschner and Yuzaki, 1999) , were separated by electrophoresis in a 5% sodium dodecyl sulfate (SDS)-polyacrylamide gel.
For Western blot analysis, proteins were blotted onto a nitrocellulose membrane and were detected by the enhanced chemiluminescence method according to the manufacturer's protocol (ECL; Amersham Pharmacia Biotech, Piscataway, NJ, USA). The primary antibodies were monoclonal antiphosphotyrosine antibody (4G10, dilution of 1 : 500; Upstate Biotechnology, Waltham, MA, USA), monoclonal anti-Flag antibody (dilution of 1 : 400; Sigma), and polyclonal anti-AATYK antibody (dilution of 1 : 4000; Gaozza et al., 1997) , which was raised against the carboxyl terminal region of type I AATYK protein.
For immune-complex kinase assays, immunoprecipitated Flag-AATYK was washed with a kinase buer (10 mM HEPES, 10 mM MnCl 2 , 1 mM NaF, and 1 mM Na 3 VO 4 ; pH 7.5). Phosphorylation reactions were performed at 308C for 20 min in kinase buer containing 10 mM ATP and 10 mCi [g-32 P]ATP. AATYK dephosphorylation was performed by treating cell lysates with ®ve units of leukocyte antigen-related protein tyrosine phosphatase (Sigma) for 30 min at 308C.
Induction of apoptosis in cerebellar granule neurons
Cerebellar granule cells from mice on postnatal day 7 were cultured as described (Kurschner and Yuzaki, 1999) . They were maintained in serum-free medium that contained 25 mM KCl and B27 (Life Technologies). To induce apoptosis, the medium was replaced with the medium containing 5 mM KCl and B27 (low-KCl medium). Apoptotic cells were identi®ed by a terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) method (ApoTag in situ apoptosis detection kit; Intergen, Purchase, NY, USA). The nuclear morphology of the apoptotic cells was determined by staining with 1 mg/ml Hoechst 33258 (Calbiochem-Novabiochem, La Jolla, CA, USA). The pattern of DNA fragmentation was assayed by agarose gel electrophoresis as described (Hockenbery et al., 1990) .
